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1. INTRODUCTION 

One of the best opportunities for precision tests 
of flavour physics will be provided by the study 
of b —> svv transitions, induced by interactions 
at very short distances. A measurement of the 
inclusive decay B — > X s vv, ideal from a theory 
perspective, appears to be extremely challenging 
experimentally. More promising is the measure- 
ment of exclusive channels such as B — > Kvv, 
B — > K*vv. In this case a clean theoretical inter- 
pretation requires, however, the control of non- 
perturbative hadronic form factors. Direct calcu- 
lations of form factors suffer from sizable uncer- 
tainties. These can be greatly reduced through a 
combined analysis of the rare decays B — > Kvv 
and B — > Kl + l~ . This option allows us to con- 
struct precision observables for testing the stan- 
dard model and for investigating new physics ef- 
fects. In particular neither isospin nor SU(3) 
flavour symmetry are required and form factor 
uncertainties can be eliminated to a large extent. 
A detailed study has recently been given in p], 
where further details can be found. Similar ideas 
had been considered independently in [2J. 

From experiment only upper limits are avail- 
able for the branching ratios of the neutrino 
modes: [3141516] 
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The most accurate experimental results for B — > 
Kl + l~ are from Belle [7]. The extrapolated, non- 
resonant branching fraction is measured to be 



B(B Kl+r) = (0.4 
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±0.03) • 10" 
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consistent with results from BaBar [8 . The re- 
cent paper [7] also contains information on the 
<7 2 -spectrum in terms of partial branching frac- 
tions for six separate bins. Similar results from 
CDF were reported in [9]. 

2. THEORY OVERVIEW 

2.1. Dilepton-mass spectra and short- 
distance coefficients 

We define the kinematic quantities s = q 2 /m 2 B 
(where q 2 is the dilepton invariant mass squared) , 
tk = m 2 K /ra 2 B , and 



\k{s) = 1 + r\ + s 2 - 2r K - 2s - 2r K s 
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The differential branching fractions for B — > Kvv 
and B — > Kl + l~ can then be written as 
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The coefficient a(Kvv) is given by a short- 
distance Wilson coefficient at the weak scale, 
which is known very precisely. The coefficient 
ag(Kll) contains the Wilson coefficient Cg(/x) 
combined with the short-distance kernels of the 
B — > Kl + l~ matrix elements of four-quark op- 
erators evaluated at fi = 0(rrib). The co- 
efficient ag(Kll) multiplies the local operator 
(sb)v-A{H)v ■ At next-to-leading order (NLO) 
the result can be extracted from the expressions 
for the inclusive decay B — > X s l + l~ given in 
[10111112] . where also the Wilson coefficients and 
operators of the effective Hamiltonian and further 
details can be found. The coefficient a w (Kll) is a 
short-distance quantity, which is precisely known, 
similarly to a(Kvv). 

2.2. Form factors 

The long-distance hadronic dynamics of B — > 
Kvv and B — > Kl + l~ is contained in the matrix 
elements 



{R( P ')\srb\B(p)) = u(s) (p+p'r + 

7 2 
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state kaon is soft, that is in the region of large 
s = 0(1) [15116117118119] . From this observation 
we expect (jH]) to be a reasonable approximation in 
the entire physical domain. This is indeed borne 
out by a detailed analysis of QCD sum rules on 
the light cone [20] , which cover a range in s from 
to 0.5. 

The impact of the /t//+ term is numerically 



small, about 13% of the amplitude ag(Kll). A 
15% uncertainty, which may be expected for the 
approximate result (|9]), will only imply an un- 
certainty of 2% for a g (Kll) or the B -> Kl + l~ 
differential rate. In practice, this leaves us with 
the form factor f+(s) as the essential hadronic 
quantity for both B — > Kvv and B — > Kl + l~ . 

We employ the parametrization proposed by 
Becirevic and Kaidalov [21] in the form 



/+(») = /+(o) 



1 - (b + b\ - a b )s 



(1 - b s)(l - b lS ) 
The parameter bo is given by 
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0.95 for m B * = 5.41 GeV (11) 



(K(p')\sa^b\B(p)) - 
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which are parametrized by the form factors /+ , /o 
and fx- Here q = p—p' and s = q 2 /m B . The term 
proportional to q^ in ([7]), and hence /o, drops 
out when the small lepton masses are neglected 
as has been done in ([5]) and (j6|). The ratio /t//+ 
is independent of unknown hadronic quantities in 
the small- s region due to the relations between 
form factors that hold in the limit of large kaon 
energy [13114) 
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Here we have kept the kinematical dependence on 
niK in the asymptotic result. In contrast to / + 
the form factor fx is scale and scheme dependent. 
This dependence is of order a s and has been ne- 
glected in ©. 

We remark that the same result for fx/f+ is 
also obtained in the opposite limit where the final 



bo represents the position of the B* pole and 
is taken as fixed, following [21) . The remaining 
three quantities ao, &i and /+(0) are treated as 
variable parameters. QCD sum rules on the light 
cone (LCSR) give fMT\ 



/+(0) = 0.304 ±0.042, 



ao 



1.5, 6i = b (12) 



/+(0) only affects the overall normalization of 
the decay rates and cancels in appropriate ratios. 
Combining theoretical constraints [I], we adopt 
the following default ranges for the shape param- 
eters 

1.4 < a < 1.8 Q.5 < h/bo < 1.0 (13) 

with 

a = 1.6 h/bo = 1.0 (14) 

as our reference values. The latter are also ob- 
tained [T] as the best fit to the shape of the mea- 
sured B — >■ Kl + l~ spectrum in Fig. [1] 
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Figure 1. The shape of the B — > Kl + l~ spectrum, 
(dB I ds) I B , from the Belle data [7] (crosses) and 
from theory with the best-fit shape parameters 
ao = 1.6, bi/bo = 1 (solid curve). 



2.3. B — y Kl+l~: Nonperturbative correc- 
tions 

In this section we comment on the theoretical 
framework for B — > Kl + l~ and on nonperturba- 
tive effects beyond those that are contained in the 
form factors. 

It is well known that, because of huge back- 
grounds from B — > Kip(} — > Kl + l~, the re- 
gion of q 2 containing the two narrow charmonium 
states ij) = ip(lS) and ij)' = ip(2S) has to be re- 
moved by experimental cuts from the q 2 spectrum 
of B — >• Kl + l~ . The overwhelming background 
from ip and ip' is related to a drastic failure of 
quark-hadron duality in the narrow-resonance re- 
gion for the square of the charm-loop amplitude, 
as has been discussed in [23] • Nevertheless, the 
parts of the q 2 spectrum below and above the 
narrow-resonance region remain under theoreti- 
cal control and are sensitive to the flavour physics 
at short distances. A key observation here is 
that the amplitude is largely dominated by the 
semileptonic operators 

Q 9 = (sb) V -A(ll)v 

Qio = (sb) V - A (ll)A (15) 



which have large coefficients Cg and C\q. These 
contributions are perturbatively calculable up to 
the long-distance physics contained in the form 
factor f+(s). The B — > Kl + l~ matrix elements 
of four-quark operators, such as (sb)v -a(cc)v -A, 
are more complicated, but still systematically cal- 
culable. Schematically, the B —> Kl + l~ rate is 
proportional to 

|C 9 + A 4g | 2 + |Cio| 2 (16) 

where A<4 g represents contributions from four- 
quark operators, for instance charm loops or weak 
annihilation effecttQ. Because A4 g is numerically 
subleading (O(10%) of the total rate), the impact 
of any uncertainties in its evaluation will be sup- 
pressed. 

In the low-q 2 region A4 g can be computed us- 
ing QCD factorization [22 . This approach, which 
is based on the heavy-quark limit and the large 
energy of the recoiling kaon, should work well for 
the real part of the amplitude in view of the ex- 
perience from two-body hadronic B decays 24 
and B -> K*j [25]. 

In the high-q 2 region the appropriate theoret- 
ical framework for the computation of A4 g is an 
operator product expansion exploiting the pres- 
ence of the large scale q 2 ~ m 2 . This concept has 
been used in |19] in analyzing the endpoint re- 
gion of b — » sl + l~ , which is governed by few-body 
exclusive modes. A detailed treatment, includ- 
ing the discussion of subleading corrections, has 
been given in [26) . Power corrections are gener- 
ally smaller than for low q 2 . Uncertainties could 
still come from violations of local quark-hadron 
duality. The relative amplitude of oscillations in 
Cg + Re A4 g may be estimated to be of order 10 to 
20%. We expect these local variations to be av- 
eraged out when the spectrum is integrated over 
s [19] such that the residual uncertainty will be 
reduced. As discussed in 23 , global duality in 
this sense cannot be expected to hold for the sec- 
ond order term | A4J 2 in (fT6|) . On the other hand, 
this contribution is numerically very small, at the 
level of few percent, and duality violations will 
only have a minor effect. 

'^Weak annihilation contributions to B — ¥ Kl + l~ are neg- 
ligibly small, although they are a leading-power effect [l]. 
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2.4. B — y t~D t — > K~u T D T 

The decay B~ — ) T~v r followed by t~ — > 
K~v T produces a background for the short- 
distance reaction B~ -+ K~vv at the level of 15- 
25%, which has been discussed recently in [27] . 
This background has to be taken into account 
for a precise measurement of the short-distance 
branching fraction B(B~ — > K~vv). It needs to 
be subtracted from the experimental signal, but 
this should ultimately be possible with essentially 
negligible uncertainty pQ. 

3. PRECISION OBSERVABLES 

Our predictions for the branching fractions in 
the standard model are 

B(B~ -> K-vv) • 10 6 = 4.4 t\i (/+(0)) 



-0.7 (°o) -o'.7 



+0.0 , 



(17) 



B(B~ 



^-/+r)-10 b =0.58+^ (/ + (0)) 
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(18) 



Whereas the individual branching fractions 
(|T7|) and (fT8|) suffer from large hadronic uncer- 
tainties, we expect their ratio to be under much 
better theoretical control. It is obvious that the 
form factor normalization /+(0) cancels in this 
ratio. Moreover, the shape of the q 2 spectrum is 
almost identical for the two modes. This is be- 
cause the additional q 2 -dependence from charm 
loops in B — > Kl + l~, compared to B — > KvD, is 
numerically only a small effect outside the region 
of the narrow charmonium states. As a conse- 
quence, also the dependence on the form factor 
shape will be greatly reduced in the ratio 



R = 



B{B- 



K~vv) 



B(B~ 



K-l+l- 



Numerically we find 
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(19) 



(20) 



This prediction is independent of form factor un- 
certainties for all practical purposes. It is lim- 
ited essentially by the perturbative uncertainty 
at NLO of ±6%. Using the experimental result 
in the theory prediction (|2"0)) , and assuming 



the validity of the standard model, we obtain 

B(B~ -> K-vv) = R ■ B(B~ -> I<-l+r) exp = 

(3.64 ± 0.47) • 10" 6 (21) 

With an accuracy of ±13%, limited at present by 
the experimental error, this result is currently the 
most precise estimate of B(B~ — > K~vv). 

In order to obtain theoretically clean observ- 
ables, the region of the two narrow charmonium 
resonances ip(lS) and ip(2S) has to be removed 
from the q 2 spectrum of B —> Kl + l~ . This leaves 
two regions of interest, the low-s region below the 
resonances, and the high-s region above. For the 
present analysis we define these ranges as 

low s : < s < 0.25 , , 

high s : 0.6 < s < s m ' 

The resonance region 0.25 < s < 0.6 corresponds 
to the q 2 range 7GeV 2 < q 2 < 16.7 GeV 2 . For 
our standard parameter set the total rate for 
B Kvv or B — > Kl + l~ (non-resonant) is di- 
vided among the three regions, low-s, narrow- 
resonance, high-s, as 35 : 48 : 17. 

We first concentrate on the low-s region, where 
B~ — > K~l + l~ can be reliably calculated. To 
ensure an optimal cancellation of the form factor 
dependence, one may restrict also the neutrino 
mode to the same range in s and define 

/ °' 2 °ds dB(B~ — > K~vv)/ds 



R 



25 



(23) 

Jg Za ds dB{B~ -> K-l+l-)/ds 

This ratio is determined by theory to very high 
precision. Displaying the sensitivity to the shape 
parameters and the renormalization scale one 
finds 



R 



7.60 



-0.00 



0.00 \ a o) +0.00 +0^36 (m) ( 24 ) 
The form factor dependence is seen to cancel al- 
most perfectly in i?25- The shape parameters af- 
fect this quantity at a level of only 0.5 per mille. 
One is therefore left with the perturbative uncer- 
tainty, estimated here at about ±5% at NLO. 

The independence of any form factor uncertain- 
ties in i?25 comes at the price of using only 35% of 
the full B~ — > K~vD rate. We therefore consider 
a different ratio, which is defined by 

J Sm ds dB v i ' ds 



R 



256 



J °' 25 ds dBi I ds + Jg S ™ ds dBi /ds 



(25) 
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In this ratio the fully integrated rate of B~ — > 
K~vv is divided by the integrated rate of B~ — >• 
K~l + l~ with only the narrow- resonance region 
removed. This ensures use of the maximal statis- 
tics in both channels. Due to the missing region 
in B~ — > K~l + l~ the dependence on the form 
factor shape will no longer be eliminated com- 
pletely, but we still expect a reduced dependence. 
Numerically we obtain, using the same input as 
before, 

i? 256 = 14.60 t° fs M tVol (h) +° f 2 (M) (26) 

This estimate shows that the uncertainty from ao 
and b\ is indeed very small, at a level of about 
±3%. With better empirical information on the 
shape of the spectrum this could be further im- 
proved. 

We conclude that ratios such as those in (f23|) 
and (I25[) , or similar quantities with modified cuts, 
are theoretically very well under control. They 
are therefore ideally suited for testing the stan- 
dard model with high precision. 

4. NEW PHYSICS 

The branching fractions of B — > Kvv and 
B — » Kl + l~ are sensitive to physics beyond the 
standard model. In general, nonstandard dynam- 
ics will have a different impact on B — > Kvv and 
B — > Kl + l~ . The excellent theoretical control 
over the ratios R25 or i?256 will help to reveal 
even moderate deviations from standard model 
expectations. 

One example is the scenario with modified Z- 
penguin contributions [28], if these contributions 
interfere destructively with those of the standard 
model. In that case the ratios R25 or i?256 could 
be significantly suppressed. The modified Z- 
penguin scenario may be realized, for instance, 
in supersymmetric models |28|29j . 

Another class of theories that do change the 
ratios are those where B — > Kl + l~ remains stan- 
dard model like while B Kvv receives an en- 
hancement (or a suppression). Substantial en- 
hancements of B(B — > Kvv) are still allowed 
by experiment, in fact much more than for B — > 

Ki+r. 

A first example are scenarios with light invis- 



ible scalars S contributing to B — > KSS, which 
has been suggested in }30|31j as an efficient probe 
of light dark matter particles. B — » KSS is also 
discussed in [25]. This channel adds to B — > Kvv, 
which is measured as B — > K + invisible. If 
the scalars have nonzero mass, B — > KSS could 
be distinguished from B — > Kvv through the 
missing-mass spectrum. On the other hand, if the 
mass of S is small, or the resolution of the spec- 
trum is not good enough, a discrimination of the 
channels may be difficult. The corresponding in- 
crease in B(B Kvv) could be cleanly identified 
through the ratios R25 and i?256- Similar com- 
ments apply to the case where the invisible parti- 
cles are light (or massless) neutralinos Xii which 
are still allowed in the MSSM [32] . Substantial 
enhancements of B — > K + invisible over the stan- 
dard model expectation through B — > K X1X1 are 
possible in the MSSM with non-minimal flavour 
violation [33]. 

A further example is given by topcolor as- 
sisted technicolor [34]. A typical scenario in- 
volves new strong dynamics, together with ex- 
tra Z' bosons, which distinguishes the third gen- 
eration from the remaining two. The result- 
ing flavour-changing neutral currents at tree level 
may then predominantly lead to transitions be- 
tween third-generation fermions such as b — > 
sv T v T . An enhancement of B(B — > Kvv) would 
result and might in principle saturate the exper- 
imental bound (TI}. An enhancement of 20%, 
which should still be detectable, would probe a 
Z'-boson mass of typically Mz> ~ 3 TcV. A sim- 
ilar pattern of enhanced B — > Kvv and SM like 
B — > Kl + l~ is also possible in generic Z' models 
[25J. 

The subject of new physics in b — > svv transi- 
tions has been discussed in [35] and more recently 
in |29|30|31|33j . New physics in B -> Kl+l~ has 
been studied in [36] . 

5. CONCLUSIONS 

The strategy discussed here puts B — )• Kvv 
as a new physics probe in the same class as 
K — > irvv, the 'golden modes' of kaon physics. 
Suitable ratios of (partially integrated) B — > Kvv 
and B — > Kl + l~ decay rates are essentially free 
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of form factor uncertainties, while retaining sensi- 
tivity to interesting New Physics scenarios. B — ) 
Kvv together with B — > Kl + l~ thus hold excit- 
ing opportunities for B physics in the era of Super 
Flavour Factories. 

Acknowledgements: I thank M. Bartsch, 
M. Beylich and D.-N. Gao for their collabora- 
tion on the topics presented in this talk, and the 
organizers of Capri 2010 for a beautiful confer- 
ence. The hospitality of the CERN Theory Di- 
vision is gratefully acknowledged. This work was 
supported in part by the DFG cluster of excel- 
lence 'Origin and Structure of the Universe'. 

REFERENCES 

1. M. Bartsch, M. Beylich, G. Buchalla 
and D. N. Gao, JHEP 0911 (2009) 011 
|arXiv:0909.i5T2l [hep-ph]]. 

2. T. Hurth and D. Wyler in J. L. . Hewett et 
al, |arXiv:hep-ph/0503261| 

3. C. Amsler et al. [Particle Data Group], Phys. 
Lett. B 667 (2008) 1. 

4. E. Barberio et al. [Heavy Flavor Av- 
eraging Group], arXiv:0808.1297 [hep-ex]; 
http : / /www.slac.stanford.edu/xorg/hfag/l 

5. K. F. Chen et al. [BELLE Collabora- 
tion], Phys. Rev. Lett. 99 (2007) 221802 
|arXiv:0707.0l38l [hep-ex]]. 

6. B. Aubert et al. [BABAR Collabora- 
tion], Phys. Rev. L ett. 94 (2005) 101801 
|arXiv:hep ex/0411061] . 

7. J. T. Wei et al. [BELLE Collaboration], 
larXiv:0904.0770l [hep-ex] . 

8. B. Aubert et al. [BABAR Collabora- 
tion], Phys. Rev. Lett. 102 (2009) 091803 
|arXiv:0807.4TT9l [hep-ex]]. 

9. E. Pueschel [CDF] , larXiv:1005. 55721 [hep-ex] . 

10. G. Buchalla, A. J. Buras and M. E. Laut- 
enbacher, Rev. Mod. P hys. 68 (1996) 1125 
|arXiv:hep-ph/9512380l . 

11. A. J. Bura s and M. Miinz, Phys. R ev. D 52 
(1995) 186 [arXiv:hep-ph/9501281| . 

12. M. Misiak, Nucl. Phys. B 393 (1993) 23 
[Erratum-ibid. B 439 (1995) 461]. 

13. J. Cha rles et al, Phys. Rev. D 60 (1999) 
014001 |arXiv:hep-ph/9812358| . 

14. M. Beneke and T. Feldmann, Nucl. Phys. B 



592 (2001) 3 |arXiv:hep-ph/0008255| . 

15. M. B. Wise, Phys. Rev. D 45 (1992) 2188. 

16. G. Burdman and J. F. Donoghue, Phys. Lett. 
B 280 (1992) 287. 

17. A. F. Falk and B. Grinstein, Nucl. Ph ys. B 
416 (1994) 771 [arXiv:hep ph/9306310] . 

18. R. C asalbuoni et al, Phys. Rept. 281 (1997) 
145 |arXiv:hep-ph/9605342| . 

19. G. Buchall a and G. Isidori, Nucl. Ph ys. B 525 
(1998) 333 [arXiv:hep-ph/9801456| . 

20. P. Ball and R. Zwicky, Phys. Re v. D 71 (2005) 
014015 |arXiv:hep-ph/0406232| . 

21. D. Becirevic and A. B. Kaidalov, Phys. Lett. 
B 478 (2000) 417 |arXiv:hep-ph/9904490] . 

22. M. Beneke et al, Nucl. P hys. B 612 (2001) 
25 [arXiv:hep-ph/0106067| . 

23. M. Beneke et al, Eur. Phys. J. C 61 (2009) 
439 [ arXiv:0902.4446l [hep-ph]]. 

24. M. Beneke, eConf C0610161 (2006) 030 
[Nucl. Phys. Proc. Su ppl. 170 (2007) 57] 
[arXiv:hep-ph/0612353] . 

25. S. W. Bos ch and G. Buchalla, JH EP 0501 
(2005) 035 [arXiv:hep-ph/0408231| . 

26. B. Grinstein a nd D. Pirjol, Phys. Re v. D 70 
(2004) 114005 |arXiv:hep-ph/0404250| . 

27. J. F. Kamenik and C. Smith JarXiv:0908TTT74l 
[hep-ph] . 

28. G. Buchalla, G. Hiller and G. Isidori, 
Phys. Rev. D 6 3 (2001) 014015 
[arXiv:hep -ph/0006136] . 

29. W. Altmannshofer et al, JHEP 0904 (2009) 
022 [ arXiv:0902.0T60l [hep-ph]]. 

30. C. Bird et al, Phys. Rev. Le tt. 93 (2004) 
201803 |arXiv:hep-ph/0401195| . 

31. C. Bi rd et al, Mod. Phys. L ett. A 21 (2006) 
457 |arXiv:hep-ph/0601090| . 

32. H. K. Dreiner et al, Eur. Phys. J. C 62 (2009) 
547 [arXiv:0901. 34851 [hep-ph]]. 

33. H. K. Dreiner et al, Phys. Rev. D 80 (2009) 
035018 [arXiv:0905.205ll [hep-ph]]. 

34. G. B uchalla et al, Phys. Re v. D 53 (1996) 
5185 [arXiv:hep-ph/9510376] . 

35. Y. Grossman, Z. Ligeti and E. Nardi, Nucl. 
Phys. B 465 (1996) 369 [Erratum-i bid. B 480 
(1996) 753] [arXiv:hep-ph/9510378] . 

36. C. Bobeth, G. Hiller and G. Piranishvili, 
JHEP 0712 (2007) 040 larXiv:0709.4174l 
[hep-ph]]. 



